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The plasma oscillations of the two-dimensional electron-hole system in the presence of a Rashba
spin-orbit coupling are studied. Only the intra-Landau level excitations are taken into account when
the electrons and holes are situated on their lowest Landau levels, the filling factor v2 being less than
1. The ground state of the two-dimensional electron-hole system is supposed to be the electron-
hole liquid. The dispersion relations for the optical and acoustical plasmon modes were obtained.
The acoustical plasmon branch has a linear dispersion law in the range of small wave vectors and
monotonically increases with saturation at higher values of wave vectors. The optical plasmon
branch has a quadratic dependence in the range of long wavelength and a monotonic increasing
with saturation as in the case of acoustical branch.
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I. INTRODUCTION
In the last decade, many theoretical works devoted to
the study of plasma oscillations in three-(3D) and two-
dimensional(2D) electron-hole structures. The plasma
oscillations of the one component electron gas in the 3D
bulk crystals [1] as well as in 2D layers characterized by
the square of the frequencies ω2p(q) =
4πe2ne
ε0m
and ω2p(q) =
2πe2nSq
ε0m
, where ne and nS are the corresponding electron
densities. Das Sarma and Madhukar [2] considered the
two-component 2D electron gas(2DEG). Two operators
of the density fluctuations ρˆ1(q) and ρˆ2(q) corresponding
to each layer combine in phase and in opposite phases
forming the optical and acoustical plasmon oscillations
with the frequencies ωOP (q) ∼ √q and ωAP (q) ∼ q in the
range of small wave vectors q. Kasyan and coautors [3,
4] investigated the interconnected plasmon-phonon exci-
tations in 2D structures. Excitations of the 2DEG in a
strong perpendicular magnetic field are completely differ-
ent to the case discussed above in that the kinetic energy
is suppressed by the Landau quantization and magnetic
field.
Girvin, MacDonald and Platzman [5] proposed a mag-
netoroton theory of collective elementary excitations in
2DEG in conditions of the fractional quantum Hall effect
(FQHE). It occurs in low-disordered, high-mobility sam-
ples with partially filled lowest Landau levels with filling
factor of the form v = 1/q, where q is an integer (q 6= 1).
In this case the excitation is a collective effect arising
from the many-body correlations due to Coulomb inter-
action. Decisive progress has been achieved by Laughlin
[6] toward understanding the nature of the many body
ground state due his variational wave function. The the-
ory of the collective excitation spectrum proposed by [5]
is closed analogous to Feynman’s theory of superfluid He-
lium [7]. The main Feynman’s arguments lead to the con-
clusion that on general ground the low lying excitations of
any system will include density waves. In the case of filled
Landau level v = 1 because of Pauli exclusion principle
the lowest excitations are necessarily the cyclotron modes
in which particles are excited in the next Landau levels.
Just this case was studied by Kallin and Halperin [8].
But in the case of FQHE the lowest Landau level(LLL)
is fractionally filled. The Pauli principle no longer ex-
cludes low-energy intra-Landau-level excitations. For the
FQHE case the primary importance have the low-lying
excitations, rather than the high-energy inter-Landau-
level cyclotron modes [5]. The energy spectrum obtained
in [5] has an energy gap at zero wave vector k = 0. It
exhibits a deep magnetoroton minimum at dimension-
less wave vector kl = 1, where l is the magnetic length,
quite analogous to the roton minimum in helium. Fer-
tig [9] investigated the excitation spectrum of two-layer
and three-layer electron systems. The case of two-layer
system in a strong perpendicular magnetic field with fill-
ing factor v = 1/2 of the LLLs of each layer was con-
sidered. The spontaneous coherence of two-component
2DEG was introduced, which is equivalent to the BCS-
type ground state of the superconductor. It represents
the coherent pairing of the conduction electrons in one
layer with the holes in the same conduction band of an-
other layer. Such unusual excitons are named as FQHE
2excitons. Their excitations are expected to have the ener-
gies ~ω(k) = Eex(k)−Eex(0), where Eex(k) is the energy
of exciton with the wave vector ~k. Such result was ob-
tained by Paquet, Rice and Ueda [10], who studied the
electron-hole system in a single layer. In the asymmet-
ric case, when the distance between the layers is different
from zero, the energy spectrum of elementary excitations
is characterized by linear dependence on the wave vector
in the region of long wavelengths as well by the roton
type behavior at the intermediary values of wave vectors
[9]. In the symmetric case, when the distance between
the layers vanishes and the Coulomb interactions inter-
layers and intra-layers are the same, the linear region of
the energy spectrum is transformed into the quadratic de-
pendence. Such type energy spectrum of elementary ex-
citations in two-layer electron system was discussed also
in the Ref. [11].
Moskalenko and coauthors [12] investigated the intra-
Landau level excitations of the 2D electron-hole liquid
(EHL) under the influence strong perpendicular mag-
netic field. It was shown that such excitations are char-
acterized by two branches of the energy spectrum. One
of them is the acoustical plasmon type branch with the
linear dispersion law in the range of small wave vectors
and monotonically increasing with saturation behavior
at higher wave vectors. The second branch of the ele-
mentary excitations is an optical-plasmon branch with
quadratic dispersion law at small wave vectors with a
roton-type dispersion at intermediary wave vectors and
with a similar behavior as the acoustical branch at higher
wave vectors. In [13] was considered the plasmon oscil-
lations in the 2DEG under influence the spin-orbit split-
ting. It was shown that transitions between different spin
states produce narrow absorption band in the degenerate
2DEG. As a result, the plasmon spectrum was modified
in the new type of oscillations namely, a spin-plasmon
polariton. Xu and coautors [14] investigated influence
the Rashba spin-orbit interaction (RSOI) on the fast-
electron optical spectrum of the 2DEG. They found that
for a spin-split 2DEG, the spectrum of optical absorp-
tion is mainly induced by plasmon excitation via inter-
SO electronic transition. In [15] was proposed a concept
of surface plasmon-polariton amplification in the struc-
ture comprising interface between dielectric, metal, and
asymmetric quantum well.
Our paper is organized as follows. In the section II the
starting Hamiltonian is introduced and the motion equa-
tions for the operators and Green’s function are deduced.
In section III the energy spectrum of the collective ele-
mentary excitations is obtained. Section IV contains the
conclusions.
II. THE HAMILTONIAN AND EQUATION OF
MOTION FOR THE OPERATORS AND
GREEN’S FUNCTIONS
The Hamiltonian of the Coulomb interaction of the
electrons and holes in the frame of the lowest Landau
levels has the form [16]
H =
1
2
∑
~Q
W~Q(ρˆ
R
e (
~Q)ρˆRe (− ~Q)− Nˆe) +
+
1
2
∑
~Q
W~Q(ρˆ
R
h (
~Q)ρˆRh (− ~Q)− Nˆh)− (1)
−
∑
~Q
W~Qρˆ
R
e (
~Q)ρˆRh (− ~Q)
where
W~Q = V~Qe
−Q
2l2
2 , (2)
V~Q =
2πe2
ǫ0S| ~Q|
The density fluctuation operators for electrons ρˆRe ( ~Q)
and for holes ρˆRh (
~Q) are determined below:
ρˆRe (
~Q) = A(Q)
∑
t
eiQytl
2
a†
t−Qx
2
at+Qx
2
= A(Q)ρˆe(
~Q),
ρˆRh (
~Q) = B(Q)
∑
t
eiQytl
2
b†
t+Qx
2
bt−Qx
2
= B(Q)ρˆh(
~Q),
A(Q) = |a0|2 +
(
1− Q2l22
)
|b1|2, (3)
B(Q) = |d0|2 +
(
1− Q
2l2(Q2l2−12)(Q2l2−6)
48
)
|c3|2,
Nˆe = ρˆ
R
e (0), Nˆh = ρˆ
R
h (0).
They are expressed through the Fermi creation and an-
nihilation operators a†p, ap for electrons and b
†
p, bp for
holes. The e-h operators depend on two quantum num-
bers. Only the electrons and holes on the lowest Landau
levels ne = nh = 0 are considered and their notations
are dropped. The quantum number p denotes the N-fold
degeneracy of the Landau levels in the Landau gauge. N
equals to S2πl2 where S is the surface layer area and l is
the magnetic length l2 = ~c
eH
. a0, b1, d0, c3 are the coeffi-
cients which includes the spin-orbit interaction [17].
The operators (3) obey to the following commutation re-
lations most of which were discussed for the first time in
the paper [5, 18]
[
ρˆRe ( ~Q), ρˆ
R
e (~P )
]
= 2i sin
(
[~P×~Q]
z
l2
2
)
ρˆe(~P + ~Q)A(~P )A( ~Q),
[
ρˆRh (
~Q), ρˆRh (
~P )
]
= −2i sin
(
[~P×~Q]
z
l2
2
)
ρˆh(
~P + ~Q)B(~P )B( ~Q),
[
ρˆRe ( ~Q), ρˆ
R
h (
~P )
]
= 0 (4)
The density fluctuation operators (3) with different wave
vectors ~P and ~Q do not commute. These properties con-
3siderably influence on the structure of the motion equa-
tions for the operators and determine new aspects of the
2D electron-hole (e-h) physics. The motion equations
for the operators ρˆRe (
~Q) and ρˆRh (
~Q)can be written in the
form:
i~
dρˆRe (
~P )
dt
= [ρˆRe , Hˆ] = i
∑
~Q
W~Q sin
(
[~P×~Q]
z
l2
2
)
×
× [ρˆe( ~Q)ρˆe(~P − ~Q) + ρˆe(~P − ~Q)ρˆe( ~Q)]A( ~Q)A(~P )−
− 2i∑
~Q
W~Q sin
(
[~P×~Q]
z
l2
2
)
ρˆe(
~P − ~Q)ρˆh( ~Q)A(~P )B( ~Q),
i~
dρˆRh (
~P )
dt
= [ρˆRh , Hˆ] = −i
∑
~Q
W~Q sin
(
[~P×~Q]z l
2
2
)
×
× [ρˆh( ~Q)ρˆh(~P − ~Q) + ρˆh(~P − ~Q)ρˆh( ~Q)]B( ~Q)B(~P ) +(5)
+ 2i
∑
~Q
W~Q sin
(
[~P×~Q]
z
l2
2
)
ρˆh(
~P − ~Q)ρˆe( ~Q)B(~P )A( ~Q).
Following the equations of motion (5) we have introduced
two interconnected Green’s functions G1j(~P , t) as well as
their Fourier transformations G1j(~P , ω) at T = 0 [19,
20] of the type G1j(~P , t) = 〈〈Xj(~P , t);Y (0, t)〉〉, where
X1(~P , t) = ρˆ
R
e (~P ), X2(~P , t) = ρˆ
R
h (
~P ), and an arbitrary
operator Y (0, t) because its choice does not influence on
the energy spectrum of the system. These Green’s func-
tion can be named as one-operator Green’s functions. At
the right hand sides of the corresponding equations of
motion there is a second generation of the two-operator
Green’s functions. A second generation of equations of
motion derived for them containing in their right hand
sides the three-operator Green’s functions. Following the
procedure proposed by Zubarev [20] the truncation of the
chains of equations of motion was made and the three-
operator Green’s functions were presented as a prod-
ucts of one-operator Green’s functions G1j(~P , ω) mul-
tiplied by the averages of the type
〈
ρRe (
~Q)ρRe (− ~Q)
〉
or〈
ρRh (
~Q)ρRh (− ~Q)
〉
.
The averages
〈
ρRe ( ~Q)ρ
R
e (− ~Q)
〉
and
〈
ρRh (
~Q)ρRh (− ~Q)
〉
are
calculated when the ground state represents the EHL at
the temperature T = 0. This state is characterized by
the average occupation number for electrons and holes〈
a†pap
〉
=
〈
b†pbp
〉
= v2 and leads to the values:
〈
ρˆRe (
~Q)ρˆRe (− ~Q)
〉
= Nv2(1− v2)A2( ~Q),〈
ρˆRh ( ~Q)ρˆ
R
h (− ~Q)
〉
= Nv2(1− v2)B2( ~Q), (6)〈
ρˆRe (
~Q)ρˆRh (
~Q)
〉
= 0.
The Zubarev procedure is equivalent to a perturbation
theory with a small parameter of the type v2(1 − v2)
III. SELF-ENERGY PARTS AND THE
DISPERSION LAWS
The closed system of Dyson equations has the form:
2∑
j=1
G1j(~P , ω)Σij(~P , ω) = C1j , i = 1, 2 (7)
There are 4 different components of the self-energy parts
Σij(~P , ω) forming a 2× 2 matrix. They are:
∑
11(
~P , ω) = ~ω + iδ − 4
~ω+iδ
∑
~Q
W~Qsin
2
(
[~P×~Q]
z
l2
2
)
×
× {W~Q
〈
ρRe ( ~Q)ρ
R
e (− ~Q)
〉
A4( ~Q)A(~P ) +
+W~Q
〈
ρRh (
~Q)ρRh (− ~Q)
〉
A2( ~Q)A(~P )B2( ~Q)−
−W~P−~Q
〈
ρRe (~P − ~Q)ρRe (− ~Q+ ~P )
〉
A2( ~Q)A(~P )A2(~P − ~Q)},
∑
22(
~P , ω) = ~ω + iδ − 4
~ω+iδ
∑
~Q
W~Qsin
2
(
[~P×~Q]z l
2
2
)
×
× {W~Q
〈
ρRh (
~Q)ρRh (− ~Q)
〉
B4( ~Q)B(~P ) +
+W~Q
〈
ρRe ( ~Q)ρ
R
e (− ~Q)
〉
A2( ~Q)B(~P )B2( ~Q)−
−W~P−~Q
〈
ρRh (
~P − ~Q)ρRh (− ~Q+ ~P )
〉
B2( ~Q)B(~P )B2(~P − ~Q)},
∑
12(
~P , ω) = − 4
~ω+iδ
∑
~Q
W~QW~P−~Qsin
2
(
[~P×~Q]
z
l2
2
)
× (8)
〈
ρRe (~P − ~Q)ρRe (− ~Q+ ~P )
〉
A(~P )A( ~Q)B( ~Q)A(~P − ~Q)B(~P − ~Q),
∑
21(
~P , ω) = − 4
~ω+iδ
∑
~Q
W~QW~P−~Qsin
2
(
[~P×~Q]zl
2
2
)
×
〈
ρRh (
~P − ~Q)ρRh (− ~Q+ ~P )
〉
B(~P − ~Q)B(~P )B( ~Q)A( ~Q)A(~P − ~Q).
As one can see that all the self-energy parts have only
infinitesimal imaginary parts iδ, which means that the
elementary excitations are without damping in the given
approximation.
The cumbersome dispersion equation for plasma excita-
tions is expressed in general form by the determinant
equation:
det
∣∣∣Σij(~P , ω)
∣∣∣ = 0 (9)
and has the form:
Σ11(~P , ω)Σ22(~P , ω)− Σ12(~P , ω)Σ21(~P , ω) = 0 (10)
This result well agrees with the result of [12]. Indeed,
if we assume that there is no spin-orbit interaction then
by [17] |a0|2 = |d0|2 = 1 and |c3|2 = |b1|2 = 0 , and we
will get exactly the same expression for the optical and
acoustical plasmon oscillations [12]. Solving the equation
(10) can be deduced the energy spectrums characterized
4by the dispersion laws:
(~ω1(Pl))
2
= 4
∑
~Q
W 2~Qsin
2
(
[~P×~Q]
z
l2
2
)
×
× [
〈
ρRe (
~Q)ρRe (− ~Q)
〉
A4( ~Q)A(~P ) +
+
〈
ρRh (
~Q)ρRh (− ~Q)
〉
A2( ~Q)A(~P )B2( ~Q)]−
− 4∑
~Q
W~QW~P−~Qsin
2
(
[~P×~Q]
z
l2
2
)
×
×
〈
ρRe (
~P − ~Q)ρRe (− ~P + ~Q)
〉
A2( ~Q)A2(~P − ~Q)A(~P ),
(~ω2(Pl))
2
= 4
∑
~Q
W 2~Qsin
2
(
[~P×~Q]z l
2
2
)
× (11)
× [
〈
ρRh (
~Q)ρRh (− ~Q)
〉
B4( ~Q)B(~P ) +
+
〈
ρRe (
~Q)ρRe (− ~Q)
〉
A2( ~Q)B(~P )B2( ~Q)]−
− 4∑
~Q
W~QW~P−~Qsin
2
(
[~P×~Q]zl
2
2
)
×
×
〈
ρRh (
~P − ~Q)ρRh (− ~P + ~Q)
〉
B2( ~Q)B2(~P − ~Q)B(~P ).
This is dispersion relations for acoustical plasmon
~ω1(Pl) and for the optical plasmon ~ω2(Pl). The dis-
persion law for the acoustical plasmon has a linear depen-
dence on the wave vector in the range of long wavelength
and tends to constant value at great values of Pl. The
dispersion relation for optical plasmons has a quadratic
dependence at small values of Pl and a similar behavior
at great values of Pl as in the case of acoustical plas-
mons. The difference between them is essential only in
the range of intermediary values of Pl. The dispersion
laws for acoustical and optical plasmon type excitations
are represented in the Fig. 1 for the GaAs-type crystal
being under the influence of high magnetic and electric
fields: Ez = 10kV/cm and H = 10T . Filling factor v
2
are equal to 1/3.
IV. CONCLUSIONS
The plasma oscillations of the 2D electron-hole liquid
formed on the surface of the layer subjected to the ac-
tion of a strong perpendicular magnetic field and under
influence Rashba spin-orbit coupling are characterized by
two branches of the energy spectrum. One of them is the
acoustical plasmon type branch with the linear dispersion
law in the range of small wave vectors and monotonically
increasing with saturation behavior at higher wave vec-
tors. The second branch of the elementary excitations
is an optical-plasmon branch with quadratic dispersion
law at small wave vectors and with a similar behavior
as the acoustical branch at higher wave vectors. Results
obtained in the paper are in good agreement with previ-
ous work. In the limit, excluding the Rashba spin-orbit
coupling we get exactly the results obtained in [12].
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